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Abstract9
To provide stable and high data rate wireless access for passengers in the train, it is necessary to10
properly deploy base stations along the railway. We consider this issue from the perspective of service,11
which is defined as the integral of the time-varying instantaneous channel capacity. With large-scale12
fading assumption, it will be shown that the total service of each base station is inversely proportional13
to the velocity of the train. Besides, we find that if the ratio of the service provided by a base station14
in its service region to its total service is given, the base station interval (i.e. the distance between15
two adjacent base stations) is a constant regardless of the velocity of the train. On the other hand, if a16
certain amount of service is required, the interval will increase with the velocity of the train. The above17
results apply not only to simple curve rails, like line rail and arc rail, but also to any irregular curve18
rail, provided that the train is travelling at a constant velocity. Furthermore, the new developed results19
are applied to analyze the on-off transmission strategy of base stations.20
Index Terms21
high-speed railway, service, base station interval, transmission strategy22
I. INTRODUCTION23
The rapid growth of high-speed railways around the world brings huge demands for broadband24
wireless communications on high-speed trains, however, the current dominant system GSM for25
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2railway (GSM-R) can only support data rate less than 200kbps, and is mainly used for signalling1
rather than data transmission [1]. Recently, some broadband wireless communication systems2
for high speed trains have been developed, for instance, combining satellite and terrestrial3
methods, Thalys in Europe can provide passengers broadband Internet access service. The4
trains Shinkansen N700 in Japan can guarantee users 2Mbps bandwidth via leakage cable.5
However, widespread application of these systems are quite limited since they are costly and6
much dedicated [2]. Therefore, it is necessary to develop new technologies and systems to meet7
the needs of high-speed railway wireless communication. Either simply making amendments to8
GSM-R or evolving the current system to a more advanced one requires the solution of several9
fundamental issues.10
Firstly, radio signals experience dramatic loss when penetrating into or from the alloy carriage,11
which imposes a high energy burden on the transmitter. Secondly, severe Doppler shift exists in12
the communication process, for instance, the Doppler shift could be 833Hz if the train travels at13
300km/h and the carrier frequency is 3GHz, this would result in the difficulties of synchronization14
[3]. Thirdly, frequent handovers due to high mobility could lead to the increase of drop-offs,15
which significantly degrades user experiences. Fourthly, channel measurement is difficult as a16
result of diverse transmission scenarios like viaducts, tunnels, and open fields and severe Doppler17
frequency shift. Finally, in order to guarantee a stable service, it is important to properly deploy18
base stations along the railway.19
Many works have aimed at solving these problems. For instance, to deal with the first20
problem, a two-hop architecture was proposed in [2] [4]. In the system, user information is firstly21
transmitted to the access point (AP) in the train, then the AP sends the aggregated information22
to the base station via an antenna on the top of the train. In this way, direct transmission from23
user terminals to the base station is avoided. The performance difference of this structure versus24
direct transmission was analyzed in [5]. As for the second problem, several Doppler spread25
compensation methods such as the REM-based algorithm in [6] and joint Doppler frequency26
shift compensation and data detection method using 2-D unitary ESPRIT algorithm in [7] were27
developed. Concerning the third problem, a Radio-over-Fiber distributed antenna system was28
proposed in [8]. In this system, antennas are allocated along the railway and connected to a29
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3control center through fiber to increase the coverage region of a base station, thereby leading1
to the reduction of handover frequency. The coverage efficiency of this system was analyzed2
in [9]. Besides, several handover schemes were proposed for the high-speed railway scenario3
in [10] [11] [12] [13]. For the fourth problem, channel fading statistics in high-speed mobile4
environment were studied in [14], and some channel measurements methods were reviewed in5
[15]. Finally, regarding the fifth issue, signal strength is usually the key factor to the base station6
arrangement, i.e. to guarantee the received signal to noise ratio higher than a given threshold in7
the boundary of two base stations. From an information-theoretic point of view, this guarantees8
the instantaneous channel capacity to be larger than a threshold. However, if the train moves very9
swiftly, like the high-speed railway case, the instantaneous channel capacity changes dramatically10
with the movement of the train, and each base station could only maintain its service to the train11
for a short period. For instance, if a base station covers 3km along the track, it can provide12
service for a train with velocity 300km/h for 36 seconds. After these 36 seconds, the train has13
to connect to a new base station for Internet access. Therefore, it would be valuable to consider14
the transmission of the base station in that period as a whole (i.e. what the base station can15
provide in that period rather than at a time point). Using the service requirement for a base16
station, i.e. each base station is required to provide a certain ratio or amount of service for the17
moving train in its service region, we can decide the service region of each base station, and18
if we assume service regions of all base stations are disjoint, the base station interval can be19
determined correspondingly.20
In this work, we discuss base station arrangement on three different scenarios: the line rail,21
the arc rail and the irregular curve rail. The first two kinds of rails are typical ones since they are22
most common in the practical environment. For the line rail case, we develop an explicit form23
of the relationship between the base station interval and the velocity of the train given service24
requirement. In particular, we find that when using the ratio of the total service to decide the25
interval, the interval is a constant regardless of the velocity of the train. On the other hand, if26
a base station is required to provide a given amount of service (less than the total service), the27
interval will increase with the velocity of the train. For the arc rail, we use the central angle of28
the arc between two base stations rather than the base station interval to decide the position of29
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Fig. 1. Two-hop architecture.
each base station and find that the relationship between the angle and the velocity of the train1
is similar to the relationship between the interval and the velocity. For the irregular curve rail,2
we will prove that the service of each base station between any two points is also inversely3
proportional to the velocity of the train. In addition, for the irregular curve, we provide two base4
station arrangement algorithms when the variation of the curve is not large. Finally, we apply5
the main results to analyze the on-off transmission strategy of base stations.6
The rest of this paper is organized as follows. Definitions and system model are introduced7
in Section II. Detailed discussions about base station arrangement for the line rail are given in8
Section III. In Section IV and Section V, we discuss the deployment of base stations along an9
arc rail and an irregular curve rail, respectively. In Section VI, the main results are applied in10
the analysis of on-off transmission strategy of base stations. Finally, conclusions are given in11
Section VII.12
II. SYSTEM MODEL13
A. System Architecture14
We consider a two-hop transmission model as shown in Fig. 1. To access the network, users15
in the train firstly connect to the access point (AP) in the carriage, the AP then forwards the user16
data to base stations via the antenna on the top of the train. The downlink from base stations to17
user terminals reverse this process. Such a structure has several advantages. Firstly, the drop-off18
rate could be reduced significantly since the base station only needs to deal with the handoff19
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5of one AP rather than dozens of user terminals. Secondly, using the antenna on the top of the1
train, signals don’t penetrate into or from the carriage, thus avoiding heavy energy loss. Finally,2
some well developed technologies like Wifi can be used in the carriage to provide a stable and3
high speed wireless link.4
In the downlink of this two-hop architecture, the first hop (i.e. the base station to AP) plays5
a key role in the service of base stations, and may become the bottleneck in this architecture.6
Therefore, we mainly discuss the base-station-to-AP transmission and employ the point to point7
communication model for this part.8
Since the effect of large-scale fading is more obvious than that of small-scale fading (especially9
in open fields where most of China’s railways are laid), we ignore the channel variation due to10
small-scale fading and assume that the change of received signal strength results only from the11
position shifts of trains. So we can express the path loss as a function of the distance between12
the base station and the train: Lp(d(t)) = A + 10α log(d(t)), where A is a factor affected by13
the carrier frequency, the heights of the transmitter and receiver antennas, different climate or14
geology conditions etc, α is the path loss exponent and α ≥ 2, d(t) is the distance between the15
transmitter and the receiver at time t. In our later discussions, we assume that A is a constant16
during the transmission, in this case, we can normalize it without affecting the analysis, and the17
path loss can be expressed as Lp(d(t)) = dα(t).18
Assuming that the base station and the AP communicate over an additive white Gaussian19
noise(AWGN) channel. At the moment t, the channel output is20
Yt =
1√
Lp(d(t))
Xt + Zt, (1)
where Zt ∼ N(0, N0/2) and independent of channel input Xt. Given a power constraint Ps, the21
capacity of the discrete-time AWGN channel [16] is:22
C(Ps) = log(1 +
Ps
Lp(d(t))N0/2
). (2)
Ps
Lp(d(t))N0/2
is the received signal to noise ratio (SNR).23
The base station coverage model is given in Fig. 2. In this figure, the base station is represented24
as A, the train is denoted as B. Assuming that the train is moving at a constant velocity v along25
the railway, the base station with d0 meters from the railway transmits signals to the train using26
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Fig. 2. Base station coverage model.
constant power Ps. Besides, for convenience, we establish an axis along the railway: Let the1
cross point between the railway and its vertical line through the base station be the original point,2
the moving direction of the train be the positive direction, the instant when the train passes the3
origin be time 0. Then at a given time t (t ∈ [−∞,∞]), the distance d(t) is
√
d20 + (vt)
2
. The4
received SNR at time t is5
SNR =
Ps
(d2
0
+(vt)2)
α
2
N0/2
=
2Ps
(d20 + (vt)
2)
α
2 N0
. (3)
Substituting Eqn. (3) into Eqn. (2), we get the instantaneous channel capacity at time t,6
C(t) = log(1 +
2Ps
(d20 + (vt)
2)
α
2 N0
). (4)
For convenience, let γ represent 2Ps
N0
, which is the transmitter SNR, then Eqn. (4) can be7
rewritten as8
C(t) = log(1 +
γ
(d20 + (vt)
2)
α
2
) (5)
The relationship between instantaneous channel capacity and time is plotted in Fig. 3. The9
SNR0 denotes the received SNR at point O, i.e. SNR0 = γdα
0
. It is observed that i) the channel10
capacity tends to zero in both directions, ii) when the SNR0 are the same, the higher the velocity11
of the train, the smaller the channel capacity at the same time point.12
B. Definition of Service13
We define service as the integral of the instantaneous channel capacity over a given time14
period, similar as in [17][18]. It upper bounds the transmission of a base station and represents the1
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Fig. 3. Instantaneous channel capacity versus time for SNR0 = 5, 15, 25dB, v = 100m/s, 150m/s, d0 = 50m, α = 3.
maximum amount of data that the physical layer can provide for the network layer. Specifically,2
it is3
S(t) =
∫ t
−∞
C(τ) dτ. (6)
It is easy to see that S(−∞) = 0, and S(∞) = ∫∞
−∞
C(τ) dτ which represents the total service4
of the base station.5
Substituting Eqn. (5) into Eqn. (6), we get6
S(t) =
∫ t
−∞
log(1 +
γ
(d20 + (vτ)
2)
α
2
) dτ. (7)
Curves of service versus time with different SNR0 and velocities are plotted in Fig. 4. Since7
the service at time t is equal to the integration of the instantaneous channel capacity before t,8
with t sufficiently large, the channel capacity tends to 0, and the service tends to a constant.9
Besides, the results also show that the higher the velocity, the smaller the total service.10
C. Definition of Service Distance11
Assuming that each base station has a disjoint service distance ds, as shown in Fig. 2, and12
to avoid interference, the station transmits only when the train is within its service distance.13
Besides, to make the instantaneous channel capacity large, we choose the service distance of14
each base station symmetrically around it. Thus if the train is in the service region of a base1
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Fig. 4. Service versus time for SNR0 = 5, 15, 25dB, v = 100m/s, 150m/s, d0 = 50m, α = 3.
station from time −ts to ts, we have2
ds = 2vts. (8)
Since trains move along a linear rail, we can lay out the base stations along the track in3
one-dimension as shown in Fig. 2. If the service distances of two adjacent base stations are ds14
and ds2 , respectively, the interval dint of these two base stations is5
dint =
ds1 + ds2
2
. (9)
In next section, we consider the case where the service distances of all base stations are the6
same, then the base station interval equals the service distance, so we will not distinguish these7
two quantities, and use ds to denote both of them.8
III. DISCUSSION ON THE LINE RAIL9
A. Total Service of a Base Station10
The total service of a base station is the integration of instantaneous channel capacity from11
−∞ to ∞, given by12
Stot =
∫
∞
−∞
log(1 +
γ
(d20 + (vτ)
2)
α
2
) dτ. (10)
When using the substitution x = vτ in the above equation, we have1
Stot =
1
v
∫
∞
−∞
log(1 +
γ
(d20 + x
2)
α
2
) dx. (11)
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9As can be seen from the above equation, the total service of a base station is decided by the2
transmitter SNR γ, the distance of the base station from the rail d0, the path loss exponent α3
and the velocity of the train v. In particular, when the transmitter SNR, the path loss exponent4
and the distance are given, the total service is inversely proportional to the velocity of the train.5
B. Choice of Base Station Interval given a Service Ratio Requirement6
It is unreasonable to require the base station to provide its total service to a moving train,7
since the channel capacity would be too small to be effective when the train is far from the base8
station. Instead, we require that the base station provide a certain ratio (60% for instance) of9
its total service to the train using its best capability. Then we can use this ratio to decide the10
service distance of the base station (correspondingly the base station interval). In fact, it will be11
shown later that this method is equivalent to deciding the base station interval guaranteeing a12
minimum channel capacity.13
If from time −ts to ts, the train is in the service distance of a base station, then the ratio of14
the service the base station can provide to its total service is15
η =
∫ ts
−ts
C(τ) dτ∫
∞
−∞
C(τ) dτ
, (12)
Obviously, η ∼ [0, 1].16
Regarding the base station interval decided by the service ratio, we have the following result:17
Proposition 1: Given the transmitter SNR γ, the path loss exponent α and the distance from18
the base station to the rail d0, the base station interval ds is uniquely decided by a certain19
service ratio η and irrelevant to the velocity of the train.20
Proof: Assuming that the train is travelling with a constant velocity v, from time −ts to ts,21
it is in the service region of the base station A as in Fig. 2, then the service ratio is1
η =
∫ ts
−ts
log(1 + γ
(d2
0
+(vτ)2)
α
2
) dτ∫
∞
−∞
log(1 + γ
(d2
0
+(vτ)2)
α
2
) dτ
=
∫ ts
0
log(1 + γ
(d2
0
+(vτ)2)
α
2
) dτ∫
∞
0
log(1 + γ
(d2
0
+(vτ)2)
α
2
) dτ
. (13)
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10
This can be rewritten as2
∫ ts
0
log(1 + γ
(d2
0
+(vτ)2)
α
2
) dτ = η
∫
∞
0
log(1 + γ
(d2
0
+(vτ)2)
α
2
) dτ. (14)
Using the substitution x = vτ for both sides in the above equation, and note that ds = 2vts, we3
have4 ∫ ds
2
0
log(1 +
γ
(d20 + x
2)
α
2
) dx = η
∫
∞
0
log(1 +
γ
(d20 + x
2)
α
2
) dx. (15)
Given the transmitter SNR γ, the path loss exponent α and the distance from the base station5
to the rail d0, the left side of the above equation is a monotonically increasing function of ds,6
which we denote as f1(ds), the integral on the right side is a constant which we denote as C1.7
So the above equation can be written in a simple form8
f1(ds) = C1η. (16)
Since f1(ds) is invertible, we can get9
ds = f
−1
1 (C1η). (17)
As can be seen from this equation, when the ratio η is given, the base station interval ds is10
uniquely determined, which is irrelevant to the velocity of the train.11
According to this proposition, if we use the service ratio to determine the base station interval,12
the interval ds has nothing to do with the velocity of the train. This also indicates the following13
conclusion:14
Corollary 1: Under the same assumptions of Proposition 1, a train travelling from point −l15
to point l receives the same service ratio of a base station no matter how fast it travels at a16
constant velocity.17
Proof: The service that a train can receive from point−l to point l is ∫ l/v
−l/v
log(1+ γ
(d2
0
+(vτ)2)
α
2
) dτ ,18
correspondingly, the service ratio ηl is19
ηl =
∫ l
0
log(1 + γ
(d2
0
+x2)
α
2
) dx∫
∞
0
log(1 + γ
(d2
0
+x2)
α
2
) dx
. (18)
Since the denominator is a constant, the nominator depends only on l, so ηl is a constant20
determined by l, this concludes our proof.1
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Fig. 5. Service ratio versus base station interval for SNR = 5, 15, 25dB, v = 100m/s, 150m/s, d0 = 50m, α = 3.
For α = 2, Eqn. (13) can be expressed as:2
η =
ds
2
ln(1 + γ
B
) + 2A arctan
ds
2
A
− 2d0 arctan
ds
2
d0
pi(A− d0) , (19)
where A =
√
γ + d20, B = d
2
0 + (
ds
2
)2. For α > 2, the indefinite integral cannot be expressed in3
an explicit form of simple functions.4
The service ratio versus base station interval curves are shown in Fig. 5. In this figure,5
theoretical curves are plotted in solid lines while simulation results are drawn with points. It6
can be seen that the simulation results match well with theoretical results, and the results with7
different velocities coincide when the SNR0s are the same, which demonstrates the correctness8
of Proposition 1. Besides, it can be seen from this figure that for the same service distance ds,9
smaller transmitter SNR actually gets higher service ratio η.10
Next, we show that choice of base station interval using the service ratio criterion is equivalent11
to using the minimum channel capacity criterion. It is easy to see from the above discussions12
that the mapping from service ratio to base station interval is one to one. By substituting Eqn.13
(17) into14
Rm = log(1 +
γ
(d20 + (
ds
2
)2)
α
2
), (20)
where Rm is the minimum channel capacity, we get1
Rm = log(1 +
γ
(d20 + (
f−1
1
(C1η)
2
)2)
α
2
), (21)
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12
The equation above shows that the mapping from service ratio to minimum rate is also one to2
one, thus for the minimum rate, we can always find a corresponding service ratio to get the same3
base station interval. In fact, when evaluating what percentage should be chosen, the minimum4
channel capacity may provide a tractable guidance since it is equivalent to the service ratio5
criterion in determining the interval of base stations.6
C. Choice of Base Station Interval given a Service Amount Requirement7
It was shown in Section III-B that given a service ratio requirement, the base station interval8
did not depend on the velocity of the train. In this section, we consider another criterion where9
base stations are required to provide a certain amount of service to the passing train. Suppose10
that through coordination and prediction, a base station has already buffered the required data11
for the train, and needs to finish the transmission before the train leaves its service region. Then,12
we show that if we use the service amount to determine the service distance, the service distance13
or base station interval will increase with the velocity of the train. This is clearly shown in the14
following proposition.15
Proposition 2: If the transmitter SNR, the path loss exponent and the distance between the16
base station and the rail are fixed, the base station interval decided by a given service amount17
increases with the velocity of the train.18
Proof: Assuming that the base station interval corresponding to a given service amount S19
is ds, then20
S =
2
v
∫ ds
2
0
log(1 +
γ
(d20 + x
2)
α
2
) dx. (22)
Rewrite this equation, we have21 ∫ ds
2
0
log(1 +
γ
(d20 + x
2)
α
2
) dx =
vS
2
. (23)
The left side of the above equation is the same with Eqn. (15), which we denote as f1(ds), since22
it is a monotonically increasing function of ds and thus invertible, we can get23
ds = f
−1
1 (
vS
2
). (24)
So, the base station interval ds is monotonically increasing with the velocity of the train v since24
f−11 (
vS
2
) is also a monotonically increasing function.1
September 28, 2018 DRAFT
13
0 200 400 600 800 1000 1200 1400
0
2
4
6
8
10
12
14
16
base station interval (m)
se
rv
ic
e 
(bi
t/H
z)
 
 
10dB, 100m/s, theory
15dB, 100m/s, theory
10dB, 100m/s, simulation
15dB, 100m/s, simulation
10dB, 150m/s, theory
15dB, 150m/s, theory
10dB, 150m/s, simulation
15dB, 150m/s, simulation
Fig. 6. service versus base station interval for SNR = 10, 15dB, v = 100m/s, 150m/s, d0 = 50m, α = 3.
For the case α = 2, there is a closed form for the integral of Eqn. (23), and the velocity of2
the train can be given as3
v =
2
S ln 2
[
ds
2
ln(1 +
γ
B
) + 2A arctan
ds
2
A
− 2d0 arctan
ds
2
d0
]. (25)
where A =
√
γ + d20, B = d
2
0 + (
ds
2
)2. For α > 2, there is no explicit form for the integral.4
The relations between service and base station interval at different SNR0s and velocities are5
shown in Fig. 6. Again, simulation results agree well with theoretical analysis, and comparing6
the solid line with the dashed line, we can see that for the same service, the dashed line with7
higher velocity requires longer base station interval, which is a direct proof of Proposition 2.8
IV. DISCUSSION ON THE ARC RAIL9
A. Service of a Base Station10
In practical environments, the railway may not always be straight due to various geological11
conditions, it may bend to avoid lakes, mountains or high buildings and forms an arc. In this12
section, we consider base station deployment along an arc rail, as shown in Fig. 7. The distance13
from the base station to the rail is d0, the radius of the arc is R, so the distance between the14
center of the arc and the base station is Rs = R − d0. Assuming that the train is moving at a1
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constant velocity v, the moment when the train passes the point o is time 0, then at time t, the2
distance between base station A and the train is:3
d(t) =
√
R2 +R2s − 2RRs cos(
vt
R
). (26)
Correspondingly, the channel capacity at time t is:4
C(t) = log(1 +
γ
(R2 +R2s − 2RRs cos(vtR ))
α
2
). (27)
Assuming that the train is within the arc from time t1 to t2, then the service of this time period5
is6
S(t1, t2) =
∫ t2
t1
log(1 +
γ
(R2 +R2s − 2RRs cos(vτR ))
α
2
) dτ. (28)
The integration over time can also be changed to be the integration over distance7
S(x1, x2) =
1
v
∫ x2
x1
log(1 +
γ
(R2 +R2s − 2RRs cos( lR))
α
2
) dl, (29)
where x1 = vt1, x2 = vt2.8
We assume that the radius of the arc R is much larger than the distance between the base9
station and the railway d0, this is reasonable since in many cases R can be several or tens10
of kilometers while d0 may be only tens of or several hundred meters. For instance, along11
the Beijing-Shanghai high-speed railway, the radius of the arc from Nanjing to Changzhou is12
approximately 50km, while the distance between the BS and the railway may be only 100m.13
Based on this assumption, for the base stations in the arc, their total service is “in the arc”, since14
the channel capacity of the base station outside the arc tends to zero and thus can be ignored.1
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15
For the base stations at the edge of the arc, the railway is an irregular curve which we delay our2
discussion to the next section. The total service of a base station in the arc can be expressed as3
Stot =
1
v
∫ x∞
−x∞
log(1 +
γ
(R2 +R2s − 2RRs cos( lR))
α
2
) dl, (30)
where x∞ is a point “in the arc” and at the same time large enough so that the service outside4
[−x∞, x∞] can be ignored.5
It is obvious that the total service is inversely proportional to the velocity of the train, this6
is the same with the line rail. In fact, the conclusions regarding the base station arrangement7
issue in the previous section apply to this case. Different from the line rail, we use the central8
angle of the arc to represent the“interval” of base stations since the position of each base station9
in this arc can be solely decided by this angle. Besides, we also assume that the service angle10
θs of all base stations are the same, in this case, θi = θs, where θi is the angle between two11
neighboring base stations or the base station“interval”, so we’ll not distinguish them later and12
use θi for both of them.13
B. Choice of Service Angle given a Service Ratio Requirement14
We have the following proposition when deciding the base station“interval” using the service15
ratio.16
Proposition 3: If the base station is required to provide a certain service ratio in its service17
region, the central angle between two base stations or the base station“interval” is irrelevant18
to the velocity of the train when the radius of the arc R, the distance between the base station19
and the railway d0, the path loss exponent α and the transmitter SNR γ are given.20
Proof: If from time −ts to ts, the train is in the service region of base station A as in Fig.21
7, then the service ratio is22
η =
∫ ts
−ts
log(1 + γ
(R2+R2s−2RRs cos(
vτ
R
))
α
2
) dτ
1
v
∫ x∞
−x∞
log(1 + γ
(R2+R2s−2RRs cos(
l
R
))
α
2
) dl
. (31)
Note that θiR = 2vts, the above equation then becomes1
η =
∫ θiR
2
−
θiR
2
log(1 + γ
(R2+R2s−2RRs cos(
l
R
))
α
2
) dl∫ x∞
−x∞
log(1 + γ
(R2+R2s−2RRs cos(
l
R
))
α
2
) dl
. (32)
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By rewriting it, we have
∫ θiR
2
0
log(1 +
γ
(R2 +R2s − 2RRs cos( lR))
α
2
) dl
= η
∫ x∞
0
log(1 +
γ
(R2 +R2s − 2RRs cos( lR))
α
2
) dl. (33)
The left side of the above equation is a monotonically increasing function of θi if R, d0, α, γ2
are given, we denote as f2(θi), the definite integration on the right side is a constant, which we3
represent as C2, then the above equation can be written in a simple form4
f2(θi) = C2η. (34)
Since f2 is invertible, we have5
θi = f
−1
2 (C2η) (35)
As can be seen from the above equation, the service angle θi is a monotonically increasing6
function of η, if η is given, it is a constant regardless of the velocity of the train.7
C. Choice of Service Angle given a Service Amount Requirement8
When using the service amount (the service amount is less than the total service) to decide9
the service angle, we have10
Proposition 4: The service angle decided by a certain service amount increases with the11
velocity of the train.12
Proof: If the base station is required to provide a certain service amount, denoted as S, to13
the train from −ts to ts, then14
S =
2
v
∫ θiR
2
0
log(1 +
γ
(R2 +R2s − 2RRs cos( lR))
α
2
) dl. (36)
Similarly, the above equation can be expressed in a simple form as in the proof of Proposition15
3, which is16
θi = f
−1
2 (
Sv
2
) (37)
Since f2 is a monotonically increasing function, its inverse is also monotonically increasing, so,17
the service angle θi will increase with the velocity of the train.1
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The line rail and the arc rail are two typical scenarios when we deploy the base stations,2
however, they are only special cases in the actual environments. Next, we’ll discuss base station3
arrangement for the general curve rail. In fact, it will be shown that the same conclusions can be4
applied for any kind of curves of the railway, as long as the velocity of the train is a constant.5
V. DISCUSSION ON THE IRREGULAR CURVE RAIL6
A. Service of a Base Station7
In this section, we consider a more general case when the railway is an irregular curve. We8
will show that the results for the line rail and the arc rail hold for this scenario provided that9
the train is travelling at a constant velocity.10
The model of an irregular curve rail is shown in Fig. 8. Different from previous sections, we11
establish a coordinate setting a base station as the original point in this figure. To prove the same12
conclusions for this kind of rail, we firstly introduce the following lemma:13
Lemma 1: The service amount that a constant-velocity travelling train receives between any14
two points of the rail is decided by the transmitter SNR, the path loss exponent, the curve of the15
rail and the velocity of the train. In particular, it is inversely proportional to the velocity of the16
train.17
Proof: We formulate the curve of the rail as a function y = f(x) in the coordinate system.18
Since the rail is continuous and smooth, the function is continuous and differentiable. If the train19
passes points (x1, y1) and (x2, y2) at t1 and t2 respectively, then at time t ∈ (t1, t2), the position20
of the train (xt, yt) satisfies21
v ∗ (t− t1) =
∫ xt
x1
√
1 + (f ′(x))2 dx. (38)
Denote
∫ xt
x1
√
1 + (f ′(x))2 dx as ϕ(xt), thus22
t =
1
v
ϕ(xt) + t1. (39)
It can be seen that ϕ is monotonically increasing with xt, therefore, the projection from xt to t23
is one to one, and we can get the inverse projection as1
xt = ϕ
−1(v ∗ (t− t1)). (40)
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Fig. 8. Base station arrangement along an irregular curve rail.
The service from t1 to t2 is2
S(t1, t2) =
∫ t2
t1
log(1 +
γ
(x2t + y
2
t )
α
2
) dt. (41)
Note that yt = f(xt), and use the substitution t = 1vϕ(x) + t1., Eqn. (41) becomes:3
S(t1, t2) =
1
v
∫ x2
x1
log(1 +
γ
(x2 + f 2(x))
α
2
)ϕ′(x) dx. (42)
The above equation indicates that the service that the train can receive between (x1, y1) and4
(x2, y2) is determined by the transmitter SNR, the path loss exponent, the curve of the rail5
which influences the value of f(x) and ϕ(x), and the velocity of the train. In particular, given6
the transmitter SNR, the path loss exponent and the curve, it is inversely proportional to the7
velocity of the train.8
Since the service between any two points is inversely proportional to the velocity of the train,9
the following corollary can be derived.10
Corollary 2: The service that a train receives between any two points accounts for the same11
ratio of the total service of a base station as long as the train is moving at a constant velocity.12
B. The Line along which to Deploy Base Stations13
Like in the above two cases, we should normally deploy base stations along a curve line which14
is parallel to the railway, but we find that although the service requirements can be formulated15
easily, the calculation of the position of each base station is quite difficult. To simplify this16
problem, we take an approximation approach to arrange the base stations along a straight line17
which is “parallel” to the curve. This approach works well when the variation of the curve is18
not large, and for curves with large variation, we can divide them into segments with smaller1
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variations since the railway usually doesn’t turn sharply within a short distance, but rather remains2
smooth over a long distance. So in later discussions, we always assume the variation of the curve3
is not large.4
To decide the line along which to deploy base stations, we first establish a coordinate arbitrarily5
provided that the railway is always on the upper side of x axis. Then the position of each point6
on the railway can be determined by measuring the distances from the point to any other two7
points on x axis. Select some points which can represent the curve of the rail approximately (we8
can use uniform sampling for convenience), and with these points we determine a line using the9
method of least squares. For instance, if the points (xi, yi), i = 1, 2, · · · , n on the railway are10
chosen, the line decided by the method of least squares is11
y = ax+ b,
with12
a =
∑n
i=1 (xi − x)(yi − y)∑n
i=1 (xi − x)2
, (43)
13
b = y − a ∗ x, (44)
where x = 1
n
∑n
i=1 xi, y =
1
n
∑n
i=1 yi.14
The line to deploy base stations is translated d0 distance away from this least-squares-determined15
line. So its expression is16
y = a ∗ x+ b− d0 ∗
√
1 + a2. (45)
The realization of this method is shown in Fig. 9.17
For the convenience of later discussions, we use the deployment line as the x axis and choose18
one point arbitrarily in the line as the original point. The curve of the rail in this coordinate19
system is denoted as f(x), x ∈ [xl, xr]. Besides, as in previous sections, we choose the service20
region of each base station symmetrically around it.21
C. Algorithms to Deploy Base Stations given Service Requirements22
We then show how to use service ratio to arrange base stations. Assuming that each base23
station is required to provide a given service ratio η, then for the first base station BS0 with1
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Fig. 9. The method of least squares to determine the line.
service region from x0l to x0r (x0l = −x0r), we have2
η =
1
v
∫ x0r
x0l
log(1 + γ
(x2+f2(x))
α
2
)ϕ′(x) dx
1
v
∫
∞
−∞
log(1 + γ
(x2+f2(x))
α
2
)ϕ′(x) dx
=
∫ x0r
x0l
log(1 + γ
(x2+f2(x))
α
2
)ϕ′(x) dx∫
∞
−∞
log(1 + γ
(x2+f2(x))
α
2
)ϕ′(x) dx
. (46)
From Eqn. (46), we can get the value of x0r uniquely since η is monotonically increasing3
with x0r. Since there is no explicit expression of x0r as a function of η, we can calculate the4
value of x0r using dichotomy.5
Let the position of BSk be xbsk , in order to provide the given service ratio, for BSk with6
service region [xkl, xkr], we have7
η =
1
v
∫ xkr
xkl
log(1 + γ
((x−xbsk )
2+f2(x))
α
2
)ϕ′(x) dx
1
v
∫
∞
−∞
log(1 + γ
((x−xbsk )
2+f2(x))
α
2
)ϕ′(x) dx
=
∫ xkr
xkl
log(1 + γ
((x−xbsk )
2+f2(x))
α
2
)ϕ′(x) dx∫
∞
−∞
log(1 + γ
((x−xbsk )
2+f2(x))
α
2
)ϕ′(x) dx
, (47)
where xkr = 2xbsk − xkl. Here η may not be strictly monotonically increasing with xbsk , it may8
decrease at some values of xbsk , so there could be numerous values of xbsk satisfying Eqn. (47),9
in this case, we choose the smallest value for k > 0 and largest value for k < 0 as xbsk . The10
existence of the value of xbsk is shown in the following lemma.11
Lemma 2 Given xkl, there exists at least one xbsk satisfying Eqn. (47).1
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Proof: Substituting xkr = 2xbsk − xkl in Eqn. (47), we have2
η =
∫ 2xbsk−xkl
xkl
log(1 + γ
((x−xbsk )
2+f2(x))
α
2
)ϕ′(x) dx∫
∞
−∞
log(1 + γ
((x−xbsk )
2+f2(x))
α
2
)ϕ′(x) dx
. (48)
It is easy to see that η is continuous with xbsk since both the denominator and the nominator3
are continuous with xbsk and the denominator is not equal to zero. For xbsk = xkl, η = 0, and4
for xbsk →∞, η → 1. This can be shown in the following equation,5
η =
∫ xbsk−xkl
xkl−xbsk
log(1 + γ
(x2+f2(x+xbsk ))
α
2
)ϕ′(x+ xbsk) dx∫
∞
−∞
log(1 + γ
(x2+f2(x+xbsk ))
α
2
)ϕ′(x+ xbsk) dx
, (49)
with xbsk approaching ∞, xkl − xbsk and xbsk − xkl tend to −∞, ∞ respectively, thus η tends6
to 1. So for a η ∈ [0, 1], there exists at least one xbsk satisfying Eqn. (47).7
Again, there is no explicit expression of xbsk as a function of η, so the value of xbsk should8
be calculated using some numerical methods such as dichotomy. The position of each base9
station can be determined successively. To summarize the above approach, we have the following10
algorithm11
12
Algorithm 1: BS Deployment given Service Ratio
Requirement
1 Initialization: xbs0 ← 0, calculate x0r from Eqn. (46);
2 for k = 1, 2, · · · do
xkl ← x(k−1)r, calculate xbsk and
xkr = 2 ∗ xbsk − xkl from Eqn. (47);
end
3 for k = −1,−2, · · · do
xkr ← x(k+1)l, calculate xbsk and
xkl = 2 ∗ xbsk − xkr from Eqn. (47);
end
13
14
As can be seen from the above algorithm, the positions of base stations are irrelevant to the15
velocity of the train. That is, the velocity of the train doesn’t affect the arrangement of base16
stations.1
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As in previous sections, we can also use the service amount to decide the position of each2
base station. The line to deploy base stations is determined using the same method as in Fig. 9.3
Different from the service ratio requirement, each base station is demanded a certain amount of4
service, denoted by S. The similar algorithm to determine the position of each base station is:5
For the base station BS0 with service region from x0l to x0r (x0l = −x0r), we have6
S =
1
v
∫ x0r
x0l
log(1 +
γ
(x2 + f 2(x))
α
2
)ϕ′(x) dx. (50)
The values of x0l and x0r can be uniquely calculated.7
Let the position of BSk be xbsk , in order to provide the given amount of service, for BSk,8
we have9
S =
1
v
∫ xkr
xkl
log(1 +
γ
((x− xbsk)2 + f 2(x))
α
2
)ϕ′(x) dx, (51)
where xkr = 2xbsk−xkl. From Eqn. (51), we can calculate xbsk numerically. Again, the value of10
xbsk may be multiple, and we choose the smallest value for k > 0 and largest value for k < 011
as the position of BSk. The position of each base station can be determined successively. The12
approach is given in Algorithm 2.13
14
Algorithm 2: BS Deployment given Service Amount
Requirement
1 Initialization: xbs0 ← 0, calculate x0r from Eqn. (50);
2 for k = 1, 2, · · · do
xkl ← x(k−1)r, calculate xbsk and
xkr = 2 ∗ xbsk − xkl from Eqn. (51);
end
3 for k = −1,−2, · · · do
xkr ← x(k+1)l, calculate xbsk and
xkl = 2 ∗ xbsk − xkr from Eqn. (51);
end
15
16
In this case, the velocity of the train influences the choice of the position of each base station.17
The higher the velocity of the train, the longer the service distance of each base station and the18
larger the interval of adjacent base stations.1
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TABLE I
BOUNDARY POINTS CALCULATED BY USING ALGORITHM 1 AND ALGORITHM 2
Algorithms
Boundary points
x−5r x−4r x−3r x−2r x−1r x0r x1r x2r x3r x4r
Algorithm 1 η = 0.8 -2781 -2273 -1523 -773 -262 262 777 1324 1871 2387
Algorithm 2 S = 23 -2434 -1891 -1352 -814 -271 271 816 1360 1904 2448
Example Let us assume a length of irregular curve of the railway can be shaped by a function2
f(x) = 2 sin(4pi ∗ 10−4 ∗ x) + 3 sin(4pi ∗ 10−5 ∗ x) + d0. The parameter settings are as follows:3
the average distance from base stations to the railway is d0 = 50m, the path loss exponent is4
α = 3, the velocity of the train is v = 100m/s, the received SNR at point O is SNR0 = 25dB.5
Then we present 10 boundary points using each of the proposed two algorithms: Algorithm 16
and Algorithm 2. The results are listed in TABLE I, where the positions of base stations lie7
in the middle of two adjacent boundary points. It is hard to see that the interval between two8
neighboring base stations is not equal but with almost the same value. The difference is due to9
the fluctuation of the railway.10
VI. DISCUSSION ON THE ON-OFF TRANSMISSION STRATEGY OF BASE STATIONS11
In previous sections, we focused on the decision of base station intervals. And we see that12
the service provided by a base station is influenced by the velocity of the train, i.e., the higher13
the velocity, the fewer the service. To finish the required transmission for trains with different14
velocities, some kind of adaptation techniques may be necessary for the base station, for instance,15
adaptive power allocation, or adaptive service region management. In this section, we introduce16
an on-off transmission strategy as an application of our conclusions to solve this problem.17
Specifically, the transmission problem is described as follows:18
A base station buffers a certain amount of data, which is equal to its total service. It is required19
to transmit a given ratio or amount of the buffer data to a constant-velocity-travelling train in its20
service region. With constant transmission power, when should it start and stop its transmission?21
Using the results in previous sections, one can get the following answers: To transmit a certain22
ratio of the data, the distance the train travels during the transmission process has nothing to1
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do with the velocity of the train, which can be obtained by solving ds from Eqn. (15). This is2
true since both the amount of data the train receives and the maximum amount of data the base3
station buffers decrease with v. However, to transmit a certain amount of data, the velocity of4
the train does affect the transmission’s beginning and ending time, their relation is shown in5
Eqn. (23). Intuitively, the higher the velocity, the longer the distance the station needs to serve,6
and the earlier (later) it needs to start (stop) the transmission.7
VII. CONCLUSION8
In this work, we discussed the base station deployment issue from the perspective of service.9
Specifically, we analyzed how to deploy base stations along a line rail, an arc rail and an irregular10
curve rail. For each of the three different cases, we discussed the relationship between the base11
station interval and the velocity of the train in two scenarios. In the first scenario, we guaranteed12
that a certain ratio of the station’s total service be provided, and proved that the interval of13
adjacent base stations is irrelevant to the velocity of the train. In the second scenario, if a given14
amount of service is required, the interval will increase with the velocity of the train. In addition,15
we applied these results in the analysis of the on-off transmission strategy of base stations.16
It needs to be noted that the analysis in this paper has some limitations: Firstly, the model of17
the channel is a much simplified model since we didn’t consider the effect of fading. Actually,18
when fading is added in the expression of channel capacity, the conclusions may have some19
changes since the capacity would be a random process rather than a definite function of time,20
so further study is needed when fading is considered, and this may be one of the directions of21
our future work. Secondly, the power of a base station is assumed to be constant in this paper,22
however, some adaptive power allocation method may improve the performance greatly. Thirdly,23
we only discussed the decision of base station interval based on the assumption that other design24
parameters are given, however, parameters like the distance between the base station and the25
railway or the height of the transmitter can also influence the coverage, our future work may26
include discussions of these design parameters as well.1
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